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Abstract 
The effect of extended cycling on lithium metal electrodes has been investigated in an ionic 
liquid electrolyte. Cycling studies were conducted on lithium metal electrodes in a 
symmetrical Li|electrolyte|Li coin cell configuration for 5000 charge-discharge cycles at a 
current density of 0.1 mA cm-2. The voltage-time plots show evidence of some unstable 
behaviour which is attributed to surface reorganisation. No evidence for lithium dendrite 
induced short circuiting was observed. SEM imaging showed morphology changes had 
occurred but no evidence of needle-like dendrite based growth was found after 5000 charge-
discharge cycles. This study suggests that ionic liquid electrolytes can enable next generation 
battery technologies such as rechargeable lithium-air, in which a safe, reversible lithium 
electrode is a crucial component. 
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1. Introduction 
With the growing consumer demand for electric vehicles, the limited performance of current 
generation (lithium-ion) battery technology, in terms of specific power and energy, are being 
clearly exposed. In light of this, next generation technology, in the form of Li-air [1] and Li-S 
[2] chemistries, is receiving a significant research interest. The attractiveness of these 
technologies is illustrated by a comparison of the theoretical specific capacity values for 
electrodes employed in these new technologies with those for contemporary Li-ion 
technology. The lithium (metal) anode (required in Li-air and Li-S) boasts 3842 mAh g-1, and 
the sulfur cathode of Li-S can reach 1675 mAh g-1 compared to the graphite anode (372 mAh 
g-1) and the lithium iron(II) phosphate cathode (168 mAh g-1) which offer relatively modest 
levels of capacity performance. To ensure the demonstration and commercialisation of Li-air 
and Li-S technologies a number of challenging aspects remain unresolved. One crucial 
component is enabling the lithium metal anode to be safely and reversibly charged and 
discharged over an extended number of cycles [3]. Commercial aprotic battery electrolytes 
are not compatible with lithium metal electrodes due to formation of unstable passivation 
products and plating of dendritic lithium during the charge reaction. This leads to short 
circuiting and ultimately makes the battery inherently unsafe [4]. Ionic liquid (IL) electrolytes 
are proposed as replacements for the currently employed aprotic electrolyte systems [4]. 
Recently, Wibowo et al. have investigated the mechanism and kinetics of lithium deposition 
onto Pt and Ni electrodes from N-methyl-N-butyl pyrrolidinium TFSI/LiAsF6 electrolytes 
[5]. It was suggested that the low coulombic efficiency of ca. 70% on Ni was due to either 
dendrite formation or reaction of the deposited lithium metal. Recently it was demonstrated 
that changing the electrode substrate to lithium metal enabled it to be cycled without the 
formation of dendritic lithium [6]. However, similar to Wibowo et al. [5] Passerini et al. 
noted that lithium electrodes react to form a solid electrolyte interphase film (made from 
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reaction products on the lithium metal) and attributed the cyclability of the lithium electrode 
to the protective nature of this film [7]. We have recently reported on cycling of lithium metal 
electrodes using namely N-methyl-N-propyl pyrrolidinium, C3mpyr+ and the 
bis(fluorosulfonyl)imide, FSI- anion as the basis of the IL electrolyte formulation [8,9]. This 
class of electrolytes allowed several hundred charge-discharge cycles to be achieved without 
evidence for dendrite based short circuiting [8,9]. However, we have also observed that this 
ionic liquid chemically decomposes in the presence of lithium metal to form passivation 
products on the surface [10], presumably in an analogous way to the related TFSI-based ILs 
[11,12]. These passivation products will have a concomitant effect on the cycling ability of 
the lithium electrode due to their inherent non-conductivity. This manuscript details our 
investigations into the effect of the chemical passivation products on the cycling ability of 
lithium electrodes in C3mpyrFSI based ionic liquid electrolytes and we present coin cell 
cycling of symmetrical Li/IL/Li cells, and chronoamperometry and cyclic voltammetry 
measurements of the Li deposition/stripping processes as a function of this chemical reaction 
time.  
 
2. Experimental 
N-propyl-N-methyl-pyrrolidinium bis(fluorosulfonyl)imide (Dai-Ichi Kogyo Seigaku, 
C3mpyrFSI) and lithium bis(fluorosulfonyl)imide (Dai-Ichi Kogyo Seigaku, LiFSI) were 
dried according to literature reports [7]. The lithium cleaning procedure used is described 
elsewhere [10]. Symmetrical Li|electrolyte|Li coin cells were constructed using 60 µL 
solution of 0.5 m LiFSI salt in C3mpyrFSI as reported previously [8,9]. Charge-discharge 
cycling was conducted on a Maccor Series 4000 battery tester at ambient temperature (22 ± 2 
°C) using a current density of 0.1 mA cm-2. Replicate coin cells were cycled for 5000 cycles 
(where a cycle is defined as a charge step followed by a discharge step). Scanning Electron 
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Microscope (SEM) images of Li electrodes were obtained using a Philips XL-30 Field 
Emission Scanning Electron Microscope (FESEM) using the procedure reported previously 
[10]. Voltammograms and chronoamperograms were recorded in a 3 electrode arrangement 
(Pt working and counter and Ag/AgOTf reference electrodes) using an Autolab 302N 
potentiostat. 
 
3. Results and Discussion 
 Prior to cycling of coin cells, each constructed cell was allowed to rest at open circuit 
for 12 h. Our previous study shows that the C3mpyrFSI ionic liquid chemically reacts with 
lithium metal over a 4 h period [10]. The 12 h rest period was chosen to ensure that sufficient 
time was allowed for chemical reaction products to accumulate on the electrode surface in 
appreciable quantities. Figure 1 shows the cycling data for Li|electrolyte|Li coin cells cycled 
for 5000 cycles. Initially, the first charge–discharge cycles show a degree of instability which 
manifests itself as a voltage spike superimposed onto the smooth response to the applied 
square wave. Our previous work [8,9,13] has shown that voltage-time (V-t) behaviour such as 
this does not imply short-circuiting (due to dendritic growth) but rather that a reorganisation 
of the lithium surface into a different morphology is taking place [13]. After this initial 
cycling period, the cell behaviour settles and the expected, approximately square wave, 
profiles are achieved. 
It is apparent that during the first 1500 cycles (~750 h), the responses exhibit a 
distinct periodicity which, on closer inspection, is defined by variation of cell voltage on a 
24-h time scale. This aspect of the data is best explained by the assumption that a significant 
component of the cell impedance includes a contribution from the electrolyte. This 
component will increase and decrease, with viscosity changes, as the temperature falls and 
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rises in line with ambient variations. The bolder features in the first 1500 cycles, with a 
period of 7 days, are weekends when cell temperature stays close to the lowest values 
(polarizations are therefore highest). The disappearance of this time dependence (beyond 
1500-2000 cycles) is, we suggest, most likely a result of the surface reorganization mentioned 
above. In effect, a consolidation of the SEI occurs, in which most of the free electrolyte is 
expelled from the multi-layered morphology. As is typically found in EIS studies of SEI 
layers, the convolution of electrolyte impedance within a complex element generates a much 
greater impedance than a comparable (or larger) volume of bulk electrolyte [9]. 
One key aspect to be observed from the data presented in Figure 1 is that no evidence 
of extremely large voltage spikes followed by a collapse in voltage is observed. This strongly 
suggests that short circuiting of these cells does not occur over the 5000 cycles. SEM imaging 
supports this as shown in Figure 1 where no large structures or needle like growths capable of 
piercing the separator are detected after the 5000 charge-discharge cycles.  
In contrast to previous studies [8,9], which were conducted on freshly made cells, a 
higher cell voltage is observed here when the reaction between electrolyte and lithium 
electrode was allowed to proceed to a significant extent. The comparison reveals that at 0.1 
mA cm-2, polarization in the reacted system is ~25 mV, while for the unreacted system it is 
close to 2 mV [8]. This increase in voltage is attributed to an increase in surface resistance of 
the lithium electrode. An impedance study on pristine uncycled coin cells over an extended 
time period shows that the lithium electrode impedance (calculated using the method 
described in reference [8]) rapidly increases over a short time period (Figure 2). An initial 
value of 20 Ω cm2 rises to ca. 60 Ω cm2 after 1 day. After 5 days the electrode resistance 
reaches close to 100 Ω cm2 and remains near that high value for up to 30 days. Our previous 
work demonstrated that the FSI anion reacts and breaks down at a Li surface to form LiF, 
Li2O, LiOH and FSI decomposition products [10] which have inherently lower conductivities 
6 
 
than the lithium foil. The increase in surface resistance can be attributed to their presence on 
the surface. The impedance spectra demonstrate that as the decomposition reaction proceeds, 
and as more material is deposited onto the surface, a concomitant increase in resistance is 
observed but remains relatively constant after 5 days.  
In order to gain more information on the chemical reaction between lithium and the 
ionic liquid electrolyte, relatively large amounts of each were placed in contact, while the 
possible liberation of species into solution was monitored electrochemically by applying 
voltammetric (CV) and chronoamperometric (CA) waveforms at a Pt indicator electrode. To 
allow direct comparisons with the results from coin cell tests, the same ratio of electrolyte 
volume to lithium (mass and surface area) was employed and the electrolyte was left in 
contact with lithium metal for the duration of the experiment (200 h).  The 
chronoamperometric data were used to track the concentration of lithium ions in the 
electrolyte by stepping the potential into the region of lithium ion reduction and analysing the 
current-time decay in accordance with established theory [14,15]. To a first approximation, if 
the effect of the growth in electrode area due to lithium metal deposition is neglected, then an 
estimate of the solution concentration can be calculated from the Cottrellian decay slopes. 
The concentration calculated using a Li+ diffusion coefficient of 1.1 × 10-7 cm2 s-1 [8] as a 
function of IL interaction time with metallic Li is shown in Figure 3(a). Immediately after 
addition of electrolyte to the cell, the calculated concentration of Li+ ions is 0.47 mol kg-1 and 
is close to the expected value of 0.50 mol kg-1. After 1 h interaction, the apparent Li+ 
concentration rises to ca. 0.6 mol kg-1 and remains near this high value over the 200 hours of 
the experiment. The rise in lithium ion concentration can be attributed to two causes. The first 
is that as the chemical reaction of the ionic liquid with lithium metal proceeds, the resultant 
decomposition of the IL serves to artificially increase the Li+ concentration, though this 
would involve a large change in IL volume. The second is that the chemical reaction could be 
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liberating soluble Li+ species into solution. Presumably some processes also consume Li+ 
cation (e.g., balancing charge of oxide and fluoride species), but overall there is a net increase 
in concentration. Interestingly the concentration value does not continually rise but rather 
settles at ca. 0.6 mol kg-1. This result provides evidence that the chemical interaction forms 
stable products on the lithium surface which prevents further consumption of the IL, which is 
consistent with previous descriptions of SEI formation in similar systems [11,12]. 
Importantly, it can be concluded that a continual chemical reaction, progressively destroying 
the electrolyte, does not occur. By comparison, in the case of carbonate based solvents, the 
lithium-electrolyte reaction produces unstable reaction products and continual decomposition 
of the electrolyte occurs [16]. This is also beneficial for electrode lifetime as it has been 
shown, for fewer cycles, that dendritic Li formation is suppressed and improved cycling 
performance is achieved at higher Li+ concentration in IL electrolyte [8].  
Further detail on the reaction between lithium and the ionic liquid electrolyte was 
sought by recording cyclic voltammograms at a platinum electrode, as a function of 
interaction time. As shown in Figure 3(b), responses recorded during the first 22 h are 
qualitatively similar and are essentially defined by the chemically reversible reduction of 
lithium ions. None of the voltammograms showed any sign of measurable concentrations of 
any other electroactive species. The oxidation process features a small additional peak at 
more positive potentials, due to stripping of a Pt-Li alloy, which has been previously 
described in considerable detail [5]. The voltammograms recorded during the first 1.5 h are 
shown together in Figure 3(c). While the peak position and shape for both the oxidation and 
reduction processes change somewhat, the main result from this comparison is that the charge 
associated with each process increases with time, both for oxidation and reduction. As 
expected, this directly parallels the results from chronoamperometry. The coulombic 
efficiency of the plating and stripping cycle plotted as a function of reaction time is also 
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shown in Figure 3(d). Over the 200 hours of interaction time, the efficiency shows some 
scatter but remains within the range of 80 to 100%. Wibowo et al. [5] noted efficiencies of ca. 
70% for Li plating/stripping from C4mpyr+ TFSI-/LiAsF6 solutions and the results obtained in 
this study are in a similar range. Overall the voltammetric data at platinum indicate that the 
reaction of lithium with the ionic liquid electrolyte gives rise to a modest net increase in 
lithium concentration, which is presumably limited by the formation of the SEI. There is no 
evidence that any other reaction products either contaminate the electrolyte or corrupt the 
reversibility of the lithium deposition/stripping process. Whether these products actually 
enter solution or are retained within the SEI is of interest in future research.   
 
4. Conclusions 
When a period of contact is allowed between an ionic liquid electrolyte and the lithium 
electrode, prior to the passage of any current, the subsequent cycling performance of the 
electrode improves substantially. Repetitive charge–discharge studies show lithium metal 
electrodes can undergo at least 5000 charge-discharge cycles at 0.1 mA cm-2 without 
dendritic lithium formation and short circuits. Importantly for battery applications, the results 
demonstrate that pristine cells may be stored, during which time the chemical interaction will 
take place at the Li electrode, thereby effectively conditioning the cells whilst in storage. This 
creates a distinct advantage over other battery technologies where time and energy must be 
devoted to pre-service charge–discharge cycling treatments before batteries reach optimum 
performance. Overall, commercially acceptable cycle numbers can be achieved with lithium 
metal electrodes when cycled in ionic liquid electrolytes. This provides strong support for 
employing these electrolytes in new, high energy lithium battery systems such as Li-S and Li-
air. 
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List of figures 
 
Figure 1: Voltage-time plot of Li|electrolyte|Li symmetrical cell cycled for 5000 cycles at 
0.1 mA cm-2 at 22 °C and typical SEM images of the lithium electrode surface after 5000 
charge-discharge cycles. 
 
Figure 2: Plot of lithium electrode resistance verses time (determined from EIS). Inset 
typical Nyquist plots for uncycled Li|electrolyte|Li coin cells stored at room temperature for 
30 days. 
 
Figure 3: Electrochemical data obtained at a Pt electrode in a mixture of 0.5 mol kg-1 LiFSI 
in C3mpyrFSI, held in contact with Li foil: (a) plot of Li+ concentration vs. time, generated 
from CA data; cyclic voltammograms for (b)  0 to 22 h; (c) 0 to 1.5 h; (d) plot of coulombic 
efficiency as determined from CV data.  
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